Focal demyelinated plaques in white matter, which are the hallmark of multiple sclerosis pathology, only partially explain the patient's clinical deficits. We thus analysed global brain pathology in multiple sclerosis, focusing on the normal-appearing white matter (NAWM) and the cortex. Autopsy tissue from 52 multiple sclerosis patients (acute, relapsing-remitting, primary and secondary progressive multiple sclerosis) and from 30 controls was analysed using quantitative morphological techniques. New and active focal inflammatory demyelinating lesions in the white matter were mainly present in patients with acute and relapsing multiple sclerosis, while diffuse injury of the NAWM and cortical demyelination were characteristic hallmarks of primary and secondary progressive multiple sclerosis. Cortical demyelination and injury of the NAWM, reflected by diffuse axonal injury with profound microglia activation, occurred on the background of a global inflammatory response in the whole brain and meninges. There was only a marginal correlation between focal lesion load in the white matter and diffuse white matter injury, or cortical pathology, respectively. Our data suggest that multiple sclerosis starts as a focal inflammatory disease of the CNS, which gives rise to circumscribed demyelinated plaques in the white matter. With chronicity, diffuse inflammation accumulates throughout the whole brain, and is associated with slowly progressive axonal injury in the NAWM and cortical demyelination.
Introduction
Multiple sclerosis is the most common neurological disease in young adults in the Western world (Noseworthy et al., 2000) . In most patients, the disease begins with episodes of neurological dysfunction followed by complete or partial remission-the relapsing/remitting form of the disease (RRMS)-and is later transformed into uninterrupted progression-the secondary progressive phase of the disease (SPMS; Weinshenker et al., 1989) . Some patients begin with a progressive disease course [primary progressive multiple sclerosis (PPMS); Lublin and Reingold 1996 , Confavreux (Confavreux et al., 2000 . While immunomodulatory and immunosuppressive treatments are beneficial in the acute and relapsing stages, as these diminish the formation of new enhancing focal white matter lesions (WMLs) (Goodin et al., 2002) , they have little effect in patients with progressive disease (Noseworthy et al., 2000; Leary et al., 2003) . These data indicate that the pathogenesis of brain damage may be different between relapsing and progressive phases of multiple sclerosis.
Pathologically, multiple sclerosis is a chronic inflammatory disease of the central nervous system, which leads to focal plaques of demyelination in the central nervous system (Noseworthy et al., 2000) . Longitudinal as well as cross sectional magnetic resonance studies show that the formation of new WMLs is often associated with leakage of the paramagnetic marker gadolinium-DTPA, and mainly occurs in the acute and relapsing stages of the disease (Cotton et al., 2003) . In patients with progressive disease, and particularly in PPMS patients, new white matter and gadolinium-enhancing lesions are rare (Thompson et al., 1991 (Thompson et al., , 1997 , but there are progressive signal abnormalities in the normalappearing white matter (NAWM) as well as a progressive loss of brain volume (Rovaris et al., 2001; Ingle et al., 2003) . These diffuse changes have in part been explained by axonal destruction in the plaques followed by secondary Wallerian degeneration (Evangelou et al., 2000; Lovas et al., 2000; Bjartmar and Trapp, 2001 ). However, they may also develop independently from focal WMLs (Pelletier et al., 2003) , since diffuse white matter damage and axonal loss can be very severe in spite of only few and small focal WMLs (Rovaris et al., 2001; Pelletier et al., 2003; Rocca et al., 2003) .
By concentrating on focal WMLs, previous neuropathological studies did not find major differences between patients with acute, relapsing and progressive disease (Brück et al., 2002) . Here we describe that in patients with SPMS or PPMS, the whole brain is affected, as reflected by global inflammation, extensive cortical demyelination and diffuse axonal injury in the NAWM.
Materials and methods Cases and autopsy material
This study was performed on archival autopsies from 52 multiple sclerosis cases, 15 cases of advanced Alzheimer's disease (Braak stages V and VI, Braak and Braak, 1991) and 15 normal controls, which were formalin fixed and paraffin embedded. Clinical histories were available on all of the cases, and clinical course was determined by retrospective chart review performed either by a neurologist or a neuropathologist (H.R., C.S., M.B. and C.F.L.) blinded to the pathological analysis. Clinical course was defined according to established criteria (Lublin and Reingold, 1996) . Patients with AMS died within a year after the onset of the disease (Marburg, 1906) . Eleven AMS cases, 6 RRMS cases, 15 PPMS cases and 20 SPMS cases were included in the study (Table 1) . Diagnosis of multiple sclerosis was histologically confirmed by a neuropathologist (M.S., W.B., H.L., J.E.P.). 
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Neuropathology and immunohistochemistry

Quantitative analysis
All quantitative data were obtained by one investigator blinded to the clinical data (A.K.). All sections were scanned and a camera lucida image of each entire section was drawn. In these scans, demyelinated areas in the white matter (identified by Luxol fast blue myelin stain) and grey matter [seen in sections stained by immunocytochemistry for PLP (Peterson et al., 2001) ; Fig. 1M and N] were manually outlined ( Fig. 1) . The templates were then overlaid by a morphometric grid and the area of demyelinated and normal tissue was determined. The values in Table 1 represent the median percentage of demyelinated cortex and white matter in relation to the total cortical and white matter area, respectively. In addition, a detailed quantitative evaluation of inflammation, microglia activation and axonal injury was performed in randomly sampled areas of the NAWM, which were at least at 1 cm distance from focal demyelinated plaques and outside fibre tracts emerging from WMLs. On an average 4 blocks per case (3 · 2 cm) were analysed when only small blocks were available. The blocks were randomly sampled at autopsy and contained tissue with multiple sclerosis plaques as well as others from macroscopically normal white matter. Perivascular inflammatory infiltrates were counted on H&E stained sections in multiple randomly sampled low power fields (total area of 180 mm 2 /case) and the values expressed as the mean number of inflammatory infiltrates per mm 2 . For meningeal inflammation, the exact location of perivascular infiltrates in the meninges was drawn into the camera lucida templates. The density of infiltrates was determined and expressed as that present in 100 mm of meninges per case. The presence of macrophages and microglia activation was evaluated on an average in three sections per case in the NAWM. Sections stained by immunocytochemistry for CD68 were analysed using a semi-quantitative scoring system (0: no CD68 expression; 1: scattered CD68 positive microglia cells; 2: most microglia cells in the tissue with CD68 reactivity). In addition the presence or absence of microglia nodules ( Fig. 1K ) was also determined (0: no microglia nodules; 1: presence of microglia nodules). Tissue macrophages were defined as round cells with foamy cytoplasm and strong CD68 reactivity. Semi-quantitative scoring was defined by 0: no macrophages, 1: few perivascular macrophages and 2: macrophages dispersed within the tissue. The values in the figures and tables represent average summary scores per patient (microglia score + presence of microglia nodules + macrophage score; a total maximal value of 5).
Axonal injury was defined by the presence of focal axonal swellings and axonal end bulbs, visualized in sections stained by immunocytochemistry for neurofilament (Trapp et al., 1998) (Fig. 1L) . Their density was determined using an ocular morphometric grid in 80 high power fields per each individual section, irrespective of being double hemispheric, hemispheric or smaller sections, representing a total area of 5 mm 2 per case. Values are expressed as the number of injured axons per mm 2 .
To evaluate plaque activity, a total of 980 focal demyelinated white matter plaques were analysed. Each individual plaque was classified by two independent investigators (A.K. and H.L.; inter-rater agreement: 100%) into the following categories: classical actively demyelinating plaques were defined by the presence of abundant macrophages with early myelin degradation products either throughout the whole lesion or at the lesion edge (Brück et al., 1995) ; slowly expanding chronic plaques revealed mild to moderate microglia activation and macrophage infiltration at the lesion margins, early myelin degradation products, however, were sparse and restricted to single macrophages (Prineas et al., 2001) ; and inactive plaques showed a sharp lesion edge devoid of macrophage infiltration.
Statistical analysis
In a first step, global group differences between different courses of multiple sclerosis and controls were analysed for all quantitative parameters described above. In a second step, the values for AMS and RRMS as well as those for PPMS and SPMS, respectively, were pooled and the two groups were compared. For the analysis, nonparametric group tests (Kruskal-Wallis) were used. Spearman's rank correlations were used to identify interdependence of variables. P-values < 0.004 were regarded as significant after correction for multiple testing (Bonferroni).
Results
Active white matter plaques are mainly present in acute and relapsing multiple sclerosis Focal WML load in the forebrain was not significantly different between the four groups, although it was slightly higher in AMS and SPMS and lowest in PPMS (Table 1) . However, major differences were found in the activity patterns of focal WMLs (P < 0.001; Table 1 ). Patients with AMS revealed the highest incidence of classical active lesions, followed by patients with RRMS. The number of classical active lesions was low in patients with progressive disease, but on an average 13% of the plaques showed slow radial expansion in patients with RRMS, SPMS and PPMS.
Cortical demyelination is a characteristic feature of progressive multiple sclerosis
The amount of cortical demyelination was strikingly different in relation to the disease course. Demyelination in the cerebral cortex was mainly a feature in patients with SPMS and PPMS, but was rare or absent in patients with acute or relapsing disease ( Fig. 1; Table 1 ). Demyelination mainly affected the subpial layers of the cerebral cortex and was associated with mononuclear inflammatory infiltrates in the meninges.
Cortical and diffuse brain damage in multiple sclerosis
Brain (2005), 128, 2705-2712 Inflammation is focal in acute and relapsing multiple sclerosis but global in progressive multiple sclerosis
Consistent with previous descriptions of multiple sclerosis pathology, we found the most extensive inflammatory reaction in focal white matter plaques (data not shown). Inflammation was most severe in classical active lesions, followed in the order of magnitude by lesions with slow expansion at the lesion edges and inactive plaques. However, there was a mild, but diffuse inflammatory reaction in the NAWM of patients with SPMS and PPMS, which was significantly less pronounced in patients with acute and relapsing multiple sclerosis (P = 0.003; Fig. 1 ; Table 1 ). This diffuse inflammatory reaction consisted of perivascular cuffs of mononuclear cells and a diffuse infiltration of the tissue by T-lymphocytes (Fig. 1J ). This inflammatory process was associated with profound microglia activation. Microglia activation was reflected by an increased density of CD68 positive cells and the formation of microglia nodules (Fig. 1K ), which were significantly more frequent in the NAWM in patients with progressive disease than in patients with acute or relapsing disease (P < 0.001). Meningeal inflammation was present in all the disease stages.
Progressive multiple sclerosis is associated with diffuse injury in the NAWM Widespread and diffuse injury was present in the NAWM in patients with SPMS and PPMS (Fig. 1) . This was most clearly evident when whole hemispheric or double hemispheric sections were analysed, and consisted of a global reduction in the intensity of myelin staining due to decreased fibre density (axons and myelin), which generally spared the subcortical U-fibres (Fig. 1I) . Primary demyelination was largely absent. In contrast, focal axonal swellings and axonal end bulbs were frequently found in sections stained by immunocytochemistry for neurofilaments (Fig. 1L) . Degenerating axons were present throughout the whole white matter, although there was some increase around demyelinated plaques and within defined fibre tracts emerging from the plaques. Patients with progressive disease showed significantly more diffuse axonal injury in the NAWM compared with patients with acute or relapsing disease (P < 0.001; Table 1 ).
Diffuse white matter injury in part correlates with cortical demyelination but not with focal WMLs
We found a significant correlation between the extent of cortical demyelination in the forebrain, with global inflammation and microglia activation in the NAWM (P = 0.01; r = 0.41 for inflammation and P = 0.001; r = 0.55 for microglia activation). Only a weak correlation between the extent of demyelination in the white matter and diffuse inflammation in the NAWM was found (P = 0.01; r = 0.29). No significant correlation was present between the focal WML load and microglia activation or axonal injury in the NAWM, or between plaque load in the white matter and cortical demyelination. The view that cortical plaques and diffuse white matter injury develop independently from WMLs was further supported by the analysis of individual cases. Some patients showed extensive plaque like demyelination in the white matter with very little involvement of the NAWM and the cortex (Fig. 1B) , while in others cortical demyelination was severe, in spite of very few WMLs ( Fig. 1D and E) . Other patients revealed massive cortical demyelination and extensive injury in the NAWM with only few white matter plaques ( Fig. 1H and I). Finally in some patients all lesion types coincided leading to extensive focal and diffuse brain damage ( Fig. 1F and G) .
Influences of age, gender and disease duration on pathological changes
As expected, we found a highly significant correlation between disease duration and plaque activity (P = 0.001, r = 0.74), with classical active plaques being mainly present in patients with short disease duration. No correlation was found between any of the other pathologies described above with disease duration, age or gender of the patients. No significant differences in brain lesion load or inflammation, microglia activation and axonal injury were found between patients, dying from infectious (septic) complications or vascular disease. Fig. 1 Focal inflammatory demyelinated plaques in the white matter dominate the pathology in acute and relapsing multiple sclerosis, while cortical demyelination and diffuse white matter inflammation are characteristic hallmarks of PPMS and SPMS. A, B, C, E, G and H: schematic lesion maps of multiple sclerosis brains; green: focal demyelinated plaques in the white matter; red: cortical demyelination; blue: demyelinated lesions in the deep grey matter; dark blue dots: inflammatory infiltrates in the brain; light blue dots in C, E, G and H: inflammatory infiltrates in the meninges. A: AMS: male, aged 35 years, 1.5 months disease duration; B: RRMS: female, aged 57 years, 13 years disease duration; C: SPMS: male, 43 years, 16 years disease duration; D and E: PPMS with severe demyelination in the cortex but only minor disease involvement of the white matter, Luxol fast blue stain and corresponding scheme, ·0.3; F and G: SPMS: female, aged 46 years, 16 years disease duration, showing extensive damage in both cortex and white matter, Luxol fast blue stain and corresponding scheme, · 0.3; H: PPMS: female, aged 55 years, 5 years disease duration; I: diffuse white matter abnormalities in PPMS; only the subcortical myelin is intact; there are only few focal demyelinated plaques (see also H); Luxol fast blue stain, ·0.5; J: inflammation in the NAWM in PPMS; immunocytochemistry for CD8, ·150; K: microglia activation and formation of microglia nodules in the NAWM of PPMS, ·75; L: diffuse axonal injury, reflected by axonal swellings and end bulbs in the NAWM of PPMS, immunocytochemistry for neurofilament, ·150; M: normal cortical myelin in a patient with SPMS; immunocytochemistry for PLP, · 12; N: adjacent cortical area to that shown in M with complete demyelination in the entire cortex; myelin in the subcortical white matter is intact; immunocytochemistry for PLP, ·12.
Differences between SPMS and PPMS
Patients with PPMS showed a lower, but not significantly different load of focal demyelinated plaques in the white matter in comparison with those with SPMS ( Table 1) . As described before for focal demyelinated plaques (Revesz et al., 1994) , we found lower numbers of inflammatory infiltrates also in the global white matter in PPMS compared with SPMS patients. There was no difference in the extent of diffuse white matter injury, diffuse microglia activation and cortical demyelination.
Inflammation and neurodegeneration in Alzheimer cases and normal controls
There was only a modest level of inflammation and neurodegeneration in the control groups (Table 1) . While only very few axonal spheroids were seen in patients dying from infectious or vascular diseases, axonal damage in the white matter of the Alzheimer cases was more frequent, but not significantly lower compared with that in patients with multiple sclerosis. Only exceptional perivascular inflammatory infiltrates were present in the white matter of Alzheimer's disease patients. The activation of microglia cells in the white matter of the normal controls was mild and although microglia activation was more pronounced in the white matter of the Alzheimer cases, there was no formation of microglia nodules and no macrophages were seen within the tissue. No correlation was found between inflammation, or microglia activation, and axonal damage in Alzheimer's disease patients.
Discussion
This study defines for the first time the pathological differences between patients with progressive multiple sclerosis in comparison with patients with acute or relapsing disease. According to our results, brains of people with multiple sclerosis are affected by three different pathologies, which dominate during different stages of the disease. Focal demyelinated plaques are present in all stages of the disease, however classical active plaques are predominantly formed in patients with acute or relapsing disease, while focal white matter plaques in progressive multiple sclerosis were either inactive or showed slow expansion on their edges. In contrast, cortical demyelination and diffuse white matter injury are most prominent in patients with PPMS or SPMS, being rare or absent in the acute or relapsing stage.
Our data suggest that these three different pathological processes may at least in part develop independently from each other. We found that diffuse white matter injury can be profound even in patients with very low total brain lesion load. Similar conclusions have recently been reported in MRI studies (Pelletier et al., 2003; Rocca et al., 2003) . Although we observed a significant correlation between the extent of demyelination in the cortex and diffuse white matter injury, the correlation coefficient was low. Furthermore, since cortical demyelination and diffuse white matter injury occurred in the same stage of the disease, this correlation could reflect a stage dependent common pathogenetic pathway of tissue injury rather than a true interdependence. This partly independent development of these three different pathologies may give rise to distinct disease patterns, in which either cortical demyelination, focal white matter plaques or diffuse injury in the NAWM dominates.
Previous studies have been limited in their ability to correlate functional neurological deficit with focal WMLs in the brain or spinal cord, determined by quantitative MRI techniques (Kidd et al., 1993 (Kidd et al., , 1996 Rovaris et al., 2001; Ingle et al., 2003) . Furthermore, recent MRI data suggest that permanent neurological deficit may in part be attributed to global and diffuse changes in the NAWM (Ciccarelli et al., 2001; Rovaris et al., 2001 Rovaris et al., , 2002 Dehmeshki et al., 2003) . Our recent data show profound axonal injury in the white matter in patients with progressive multiple sclerosis. This is well reflected in studies using magnetic resonance spectroscopy, which revealed a progressive reduction of N-acetyl aspartate in the global white matter in both PPMS and SPMS (Fu et al., 1998; De Stefano et al., 1999; Leary et al., 1999; Sarchielli et al., 1999) .
Our study, however, highlights cortical pathology as another possible culprit for neurological dysfunction in progressive multiple sclerosis patients. The presence of cortical demyelination in patients with SPMS and PPMS has been previously recognized (Brownell and Hughes 1962; Peterson et al., 2001 ), but it is rare in the early stages of multiple sclerosis. Furthermore, cortical damage can be extensive, as seen in the analysis of double hemispheric sections, affecting up to 68% of the total forebrain cortical area in some extreme examples. The functional consequences of demyelination in the cerebral cortex are not yet defined, but MRI data suggest that cortical damage and atrophy may indeed be clinically significant (Richert et al., 1998; Dehmeshki et al., 2003; De Stefano et al., 2003) .
It is important to note that all diffuse white matter injury and cortical demyelination in progressive multiple sclerosis invariably occurred on a background of meningeal, perivascular and parenchymal inflammation. It has been noted before that profound microglia activation with the formation of microglia nodules is present in the periplaque white matter of patients with progressive multiple sclerosis, but not around acute plaques (Prineas et al., 2001) . Our study shows that this is not restricted to the area around plaques but affects the NAWM in a global sense. The inflammatory nature of diffuse white matter injury in patients with progressive multiple sclerosis has recently been challenged in MRI studies, which show that this type of damage occurs in the absence of contrast enhancement (Thompson et al., 1991; Silver et al., 2001) . Furthermore, the lack of efficacy of immunomodulatory and immunosuppressive therapies in patients with progressive disease (Noseworthy et al., 2000; Leary et al., 2003) is regarded as indicative of the fact that neurodegeneration in such patients occurs independent of inflammation. However, contrast enhancement in MRI is not a marker for presence or absence of inflammation, but it rather detects evidence for blood-brain barrier damage, which is associated with transmigration of inflammatory cells through the wall of cerebral vessels. Furthermore its sensitivity for determining blood-brain barrier damage is low. For these reasons it seems to be a reliable technique to visualize massive new waves of inflammation, which are associated with the formation of new focal plaques in the CNS of multiple sclerosis patients, but may be insufficient to detect more subtle blood-brain barrier alterations, which may occur in the course of a gradual accumulation of inflammatory cells (Silver et al., 2001) . Recently it was shown that in SPMS the inflammatory reaction leads to the formation of lymphatic like structures within the meninges and the perivascular spaces (Serafini et al., 2004) . This observation is consistent with the view that in this stage of the disease the inflammatory reaction becomes trapped behind an intact or repaired blood-brain barrier. Such a compartmentalized inflammatory reaction is also unlikely to respond to current immunosuppressive or immunomodulatory treatments.
We have previously reported that the pathology of classical active lesions in early stages of the disease is heterogeneous . To what extent a similar heterogeneity is also present in active lesions in patients with late progressive disease is so far unknown. Whether or not the immunopathological patterns we have previously described in classical active multiple sclerosis lesions during acute or relapsing multiple sclerosis impact the diffuse white matter or cortical pathology observed during the progressive course of the disease has to be determined.
In conclusion, our data are consistent with the view that distinct pathogenetic processes, which in part may develop independently from each other, mediate brain damage in multiple sclerosis patients. New waves of inflammation, which enter the CNS from the circulation, appear to be responsible for the formation of focal plaques of demyelination, which are preferentially located within the white matter and seem to be mainly, but not exclusively, responsible for tissue damage in patients with acute and relapsing multiple sclerosis. However, with chronicity of the disease a slow but continuous accumulation of inflammatory cells within the whole brain may occur, which escapes the control of the peripheral immune system. This diffuse inflammatory process may then lead in a slowly progressive process to global damage within the white matter and, due to its chronic presence in the meninges, to subpial demyelination and tissue damage in the cerebral cortex. Due to the limited number of patients with RRMS in our present study we could not determine the time of progression of this process in the natural course of multiple sclerosis. However, MRI studies reveal the evidence for diffuse white matter damage being present in some patients, very early in the disease course (De Stefano et al., 2002; Filippi et al., 2003) .
